In July, 1999, the PRTR (Pollutant Release and Transfer Register) system was enacted in Japan. The PRTR system consists of "an arrangement for the registration and publication of the volume of harmful chemical substances released into the environment and the volume of such substances transferred as components of waste." Based on the reports and estimates received from individual businesses, government offices estimate, collect, and publish figures pertaining to the volume of designated chemical substances released into the atmosphere, water, and soil, and the volumes transferred as components of waste 1) . In article 12 of this system, the national government undertakes an obligation to monitor the environment and estimate the effects of pollutants on human health and the ecosystem. However, surveillance of the effects on human health caused by chemical substances means that people suffering from them already exist at this time, so it is too late from the point of view of prevention. Even though health damage does not appear, it is also very important to cope with potential health risks. In order to take effective measures to protect human health, it is necessary to devise methods that can accurately estimate not only the dose of exposure of chemical substances but also their early-phase effects in humans.
Review
Recently, many new biomarkers have been studied, in addition to classical biomarkers, such as chemical substances and their metabolites in blood and urine, and alterations of enzymes. Among these new biomarkers, hemoglobin adducts are thought to be particularly useful for the estimation of chemical exposures. Here we review publications about hemoglobin adducts in humans in order to evaluate whether hemoglobin adducts are useful or not for estimating exposures to chemical substances.
We aimed here to review publications regarding the usage and utility of the measurement of hemoglobin adducts as biomarkers of occupational exposure to PRTR class I designated substances in Japan.
Methods
We searched English journals published from 1990 to 2004 using PubMed (http://www.ncbi.nlm.nih.gov/entrez/ query.fcgi) with the key words 'hemoglobin adduct'. Among the many scientific reports returned by this PubMed search, we selected publications which mentioned human risk assessments of PRTR class I designated chemical substances.
Brief History of Measurement of Hemoglobin Adducts
Monitoring of occupational exposure by measuring hemoglobin adducts was first reported by Calleman et al. 2) . Their method was based on gas chromatographicmass spectrometric (GC-MS) determination of alkylated histidines in the interior of globin chains, which required total hydrolysis of the proteins. The need for an improved method that was more rapid, more sensitive and less apt to be biased led to the development of the N-alkyl Edman method for GC-MS determination 3) . This method is a modified Edman degradation for specific cleavage and isolation of alkylated N-termini (valines in Hb) and for quantitative determination of the derivatives formed 4) . In animal experiments it has been demonstrated that both styrene and styrene oxide produce cysteine adducts in albumin and hemoglobin 5, 6) and carboxylic acid adducts in hemoglobin 7) in addition to N-terminal valine adducts in hemoglobin 8) . Yeowell-O'Connell et al. 9) measured styrene oxide adducts of cysteine residues (based upon cleavage by Raney nickel) and of carboxylic acid residues (based upon basic hydrolysis) in serum albumin and in hemoglobin.
Review of Experimental Results
In this review, we focus on nine substances: styrene, phenyloxirane (styrene oxide), 4,4'-methylendiphenyl diisocyanate (MDI), 4,4'-methylendianiline (MDA), 1,3-butadiene, ethylene oxide, propylene oxide, acrylamide and acrylonitrile. These substances are all PRTR class I designated chemical substances, except for MDI.
Styrene, phenyloxirane (styrene oxide) (Tables 1 and 2)
The application of hemoglobin adduct assays to styrene-exposed workers in the reinforced plastics industry has produced inconsistent results 10) . According to Christakopoulos et al. 11) , occupational exposure to styrene at 100 ppm resulted in an adduct level of approximately 0.04 nmol/g. Exposure to 100 ppm of styrene and 0.02 ppm of ethylene oxide gave similar adduct levels. Analyses of blood samples from reinforced plastics workers exposed to styrene and from office workers showed hemoglobin adduct levels that correlated with the blood styrene glycol and urinary mandelic acid concentrations.
Yeowell-O'Connell et al. 9) measured hemoglobin and albumin adducts of styrene-7,8-oxide (SO) in workers exposed to both styrene and SO. Cysteine and carboxylic acid adducts of SO with hemoglobin and albumin were assayed. No evidence was found of any exposure-related increase in hemoglobin adducts. In contrast, albumin adducts were found to increase with exposure to either styrene or SO.
The styrene blood level in humans is about 1.5 to 2 times higher than that in rats and 4 times higher than that in mice for equivalent styrene exposure. In contrast the SO levels in human blood are approximately 4-fold lower than those in mice 12) . This indicates that we cannot extrapolate the results from animal experiments unconditionally. Moreover, hemoglobin adduct formation in humans is lower than that in mice. In comparison with ethylene, human hemoglobin adduct formation of styrene was at least 70 times less 13) . Table 3) 4,4'-Methylendianiline (MDA) can be produced by hydrolysis of 4,4'-methylendiphenyl diisocyanate (MDI).
4,4'-methylendianiline (MDA), 4,4'-methylendiphenyl diisocyanate (MDI) (
Schütze et al. 14) measured hemoglobin adducts and urine metabolites of MDA and MDI in order to biomonitor people exposed to low levels of MDA and MDI. Hemoglobin adducts of MDA were detected in 31 out of the 33 workers exposed to MDA. Exposure to MDA was monitored using personal air samplers, and the values for these workers were below the detection limit (20 µg MDA/m 3 ). On the other hand, in 62% of workers exposed to MDI, whose exposure levels were below the detection limit of 3 µg MDI/m 3 except for three workers, the hemoglobin adduct levels of MDA and AcMDA were below the detection limits.
Sepai et al. 15) reported that hemoglobin adducts of MDA could be detected in all cases (70-710 fmol/g Hb), whereas in 17 of 20 MDI-exposed workers, the adducts were below the detection limit (1 µg/m 3 ). However, they quoted the study by Schütze et al. 14) and mentioned that hemoglobin adducts may not be adequately sensitive as markers of occupational exposure to isocyanates. 
1,3-Butadiene (BD) (Table 4)
Begemann et al. 16) reported that smoking was an important confounder of BD exposure. The BD-intake caused by smoking can be calculated assuming 60 µg BD/cigarette for mainstream smoke. Therefore, moderate smoking provides an important contribution to the amount of inhaled BD. In another journal 17) , the same group also reported that the median hemoglobin adduct level of BD monomer production workers was significantly higher than that of the controls. Smoking controls showed higher hemoglobin adduct levels than non-smoking controls and significantly higher BD exposure levels. On the other hand, according to Osterman-Golker et al. 18) , the contribution from smoking to the adduct level in hemoglobin of BD production plant workers is expected to be smaller than that from occupational BD exposure. The adduct levels in smoking and non-smoking laboratory and maintenance workers were similar. Among the control subjects, smokers showed somewhat higher values than non-smokers.
Hayers et al. 19) investigated genotoxic effects in workers exposed to BD to provide a mechanistic underpinning for human carcinogenicity studies. N-(2,3,4-trihydroxybutyl) valine (THBVal) adducts were significantly more common in BD-exposed workers than in controls. Adduct levels did not vary among controls according to age or tobacco use. Among BD-exposed workers, air and urine measures of BD were correlated, while THBVal correlated with air BD levels and correlated weakly with urinary BD levels. BD-exposed workers had greater absolute lymphocyte counts and more lymphocytes as a proportion of total WBC. Platelet counts also tended to be higher in BD-exposed than in unexposed workers. However, hprt mutations, erythrocyte glycophorin A mutations, SCEs, and the percentage of aneuploidy did not differ significantly between BD-exposed and unexposed workers.
Albertini et al. 20) reported that both N-(2-hydroxy-3-butenyl) valine (HBVal) and THBVal were highly correlated with BD exposure levels measured by passive samplers and integrated over time, and urinary metabolites were also correlated with BD exposure levels integrated over time. The level of THBVal was 300-fold to 400-fold higher than that of HBVal. Nevertheless, it was mentioned that both hemoglobin adducts may prove to be useful markers for the measurement of exposure in the workplace. Moreover, although concentrations of urinary metabolite were not as high as those of hemoglobin adducts, urinary metabolites may also prove to be useful markers of BD exposure. By contrast, no significant relationships were observed between BD exposure and HRPT gene mutations or any of the tested cytogenetic biomarkers. Neither the mutational nor the cytogenetic responses showed any association with the genotype.
Ethylene oxide (EO) (Tables 5 and 11)
A great many studies about EO-Hb adducts in humans have been reported. In contrast to the conflicting findings for other substances, every reported study showed that the EO-Hb adduct level was affected by smoking.
There is a significant correlation between cigarette smoke intake as measured by the average number of c i g a r e t t e s s m o k e d p e r d a y a n d t h e N -2 -hydroxyethylvaline (HOEtVal) level, while there is no correlation between the number of cigarettes smoked per day and the cotinine level, although cotinine is correlated with HOEtVal 21) . After adjusting for smoking, ethylene oxide workplace exposure is significantly associated with EO-Hb and with 2 measures of sister chromatid exchanges (SCEs) [the average number of SCEs/cell (SCE 50 ) and the number of high-frequency cells (SCE HFC )]. Moreover, there is a highly significant correlation between the EO-Hb adduct level and SCE HFC /SCEs, which provides evidence for a direct link between a marker of a biologically effective dose and markers of genotoxic response. In contrast, micronuclei, chromosomal aberrations and single-strand breaks were not significantly elevated in workers exposed to ethylene oxide 22) . Boogaard et al. 23) studied the correlations between airborne concentrations of ethylene oxide and propylene oxide and the levels of their hemoglobin adducts in petrochemical workers. In the first study, personal air monitoring (PAM) was performed once a month at random over the study period and blood samples for Hbadduct determination were collected at the end of this period. No significant correlation was found between the PAM and hemoglobin adduct data. In a follow-up study, PAM was applied to the operators during the entire shift on every working day and blood samples were collected before and immediately after the period. A highly significant correlation was found between the increment in the concentration of HOEtVal over this period and the total exposure to EO. This implies that time-integrated exposure to EO can be readily and reliably assessed by measurement of the concentration of HOEtVal in a small blood sample.
Shettgen et al. 24) investigated the internal exposure of workers in the same plant using hemoglobin adducts as parameters of biochemical effects. A significant difference was found between the workers and the control group for the parameter HOEtVal, which was due to the exposure to EO in the plant. However, the concentrations of HOEtVal found in the blood of the workers did not exceed the value of the German exposure equivalent for EO.
Regarding the method of measuring HOEtVal, Sitter et al. 25) compared the GC-MS method with a radioimmunological technique (RIA). There was a good Maintenance and laboratory workers smokers. (38.6% monitors; below the (46 ± 17 (SE) pmol/g globin) II; Increments in the concentration of Hb adducts of ethylene detection limit) (after correction for smoking and oxide detected in the operators correlated strongly with normal background) the total airborne concentration of ethylene oxide.
(continued on next page) Control (non-smoker) 6-49 pmol/g Hb These correlations allow the calculation of tentative (22 ± 5 (SE) pmol/g globin) biological exposure limits for ethylene oxide.
I; once a month at random over a period of 4 months. II; PAM was performed for the operators during the entire shift on every working day. correlation between the results obtained using the RIA and the GC-MS methods. They also mentioned that the determination of HOEtVal in hemoglobin is a sensitive method for monitoring time-integrated low levels of EO exposure. Timothy et al. 26) examined the relationship between cigarette smoking and hemoglobin adducts and investigated whether null genotypes for glutathione transferase (GSTM1 and GSTT1) alter the internal dose of EO. The HOEtVal level increased with increased cigarette smoking dose. GSTM1 null genotypes had no significant impact on HOEVal. However, HOEVal levels were significantly elevated in GSTT1-null individuals when normalized to smoking status or cotinine levels.
Propylene oxide (PO) (Table 6)
Hemoglobin adducts of propylene oxide have mainly been studied under conditions of mixed exposure to other substances.
Boogaard et al. 23) studied hemoglobin adducts of PO. Similar to the findings described in the section about EO, in the group for whom personal air monitoring (PAM) was performed during the entire shift on every working day, a highly significant correlation was found between the increment in the concentration of N-(3-hydroxypropyl) valine (HOPrVal) over this period and total exposure to PO. Time-integrated exposure to PO can be readily and reliably assessed by measurement of the concentration of HOPrVal. However, in 79.5% of cases, the PO concentration was below the detection limit (0.2 mg/m 3 , 8-h TWA). S c h e t t g e n e t a l . 2 4 ) m e a s u r e d N -( R , S ) -2 -hydroxypropylvaline (HPV) as a hemoglobin adduct of PO in a chemical plant. No HPV could be identified in either the exposed workers or in the controls, and it was supposed that this may have been due to the high limit of detection for this parameter (limit of detection, 80 pmol/ g Hb). Moreover, the report by Boogaard et al. 23) was quoted, which mentions that the rate of adduct formation was five times lower for PO than for EO under comparable conditions.
Acrylamide (AA) and acrylonitrile (AN) (Tables 7-11)
Many studies about acrylamide and acrylonitrile have been reported and most of them were performed under conditions of mixed exposure to these two substances. For individuals who smoke, it was shown that both N-2-carbamoylethylvaline (AAV), which is an hemoglobin adduct of acrylamide, and N-2-cyanoethylvaline (CEV), which is an hemoglobin adduct of acrylonitrile, are elevated .
Bergmark et al. 27) reported that all exposed workers had detectable levels of hemoglobin adducts of AA and AN. In controls, AA adducts were detected in 1 out of 10 samples, while AN adducts were detected only in smokers. The high AA adduct levels in exposed workers, as compared to those expected from air concentrations, indicate that dermal exposure may contribute significantly to the total uptake of AA. It was also mentioned that the average daily in vivo doses of AA in the most highly exposed workers exceeded the dose at which tumors increased significantly in rats, so preventive measures may be necessary for humans exposed to high levels of AA in industrial settings.
Calleman et al. 28) studied workers heavily exposed to acrylamide and acrylonitrile. They used a neurotoxicity index (NIn), which adequately predicted the clinical diagnosis of peripheral neuropathy and found that this index was significantly correlated with the levels of mercapturic acids in 24-h urine, hemoglobin adducts of acrylamide, accumulated in vivo doses of acrylamide, employment time, and vibration sensitivity. That is to say, the results seem to indicate that hemoglobin adducts are useful as predictors of acrylamide-induced peripheral neuropathy. Moreover, they showed that the NIn was also correlated with hemoglobin adducts of acrylonitrile.
Bergmark et al. 29) also studied laboratory personnel who were working with polyacrylamide gels for electrophoresis (PAGE), and who were smokers or nonsmokers. The non-smoking PAGE workers (54 pmol/g globin) had a significantly increased acrylamide adduct level compared to non-smoking controls (31 pmol/g globin). Moreover, the level of acrylamide adducts in smokers was correlated with the number of cigarettes smoked per day. In the smokers, the acrylonitrile adduct level was correlated with cigarettes per day and ethylene oxide adducts. It was suggested that acrylonitrile adducts might be a better indicator of tobacco smoking than ethylene oxide adducts, since the latter showed a background level of endogenous origin.
In the report by Thier et al. 30) , the levels of three hemoglobin adducts (N-cyanoethylvaline, CEV; Nmethylvaline, MV; and N-hydroxyethylvaline, HEV) were measured in workers handling low levels of acrylonitrile. Although the industrial acrylonitrile exposures were well below current official standards, the mean levels of CEV were 59.8-70.3 µg/l blood. It was mentioned that monitoring the hemoglobin adduct CEV appeared to be a suitable means of biomonitoring and medical surveillance under such exposure conditions. On the other hand, the MV and HEV values observed represented background levels, which apparently were not related to any occupational chemical exposure. In the report by Tavares et al. 31) the CEV levels in hemoglobin were dependent on the number of cigarettes smoked per day and the levels of ethylene oxide-related HEV hemoglobin adducts were also related to smoking. However, there was no correlation between the level of CEV and that of HEV. Thier et al. suggested that this might have been because Tavares did not discriminate maintenance mechanics 93.9-5,746 (1,984 ± 2,066 SD) pmol/g globin Table 9 . within their groups of subjects according to the genetic state of polymorphic GST. Tavares also reported on the transplacental transfer of acrylonitrile and concluded that significant correlations were found between the number of cigarettes smoked per day by mothers and their newborns' globin adduct levels. There was, however, no correlation between the CEV levels and those of the ethylene oxide adduct (HEV) in samples from either the mothers or babies.
Thier et al. studied CEV and HEV in hemoglobin, in connection with the genotypings of GSTT1 and GSTM1. There was no consistent effect of genetic GSTM1 or GSTT1 polymorphism on the CEV adduct levels induced by acrylonitrile exposure. With respect to the background levels of HEV adducts, there was no major influence of the GSTM1 polymorphism, but individuals who lacked the GST gene had adduct levels that were about 1/3 higher than those of individuals who had GSTT1 genes. Thier et al. 32) also studied the relationships between CEV and the polymorphisms of GSTM3, GSTP1 and CYP2E1. They concluded that the exposed carriers of the allelic variants of GSTP1, GSTP1*B/GSTP1*C, characterized by a single nucleotide polymorphism at nucleotide 313 which results in a change from Ile to Val at codon 104, had higher levels of CEV compared to the carriers of the codon 113 alleles GSTP1*A and GSTP1*D. The single nucleotide polymorphism at 113 of GSTP1 (GSTP1*A/ GSTP1*B versus GSTP1*C/GSTP1*D) did not show an effect, and also no influence was seen on specific hemoglobin adduct levels of polymorphisms of GSTM3 or CYP2E1.
Hagmar et al. 33 ) studied workers exposed to acrylamide. Clear-cut dose-response associations were found between the Hb-adduct levels and peripheral nervous system symptoms. A no-observed adverse effect level of 0.51 nmol/g globin was estimated for tingling or numbness in the feet or legs.
There was a report about mixed exposure to acrylamide, acrylonitrile, ethylene oxide and propylene oxide by Schettgen et al. 24) . In that report, AAV and CEV were clearly elevated by exposure to AA and AN. However, they concluded that the differences found for the adducts of AA and AN were caused exclusively by the different smoking habits of the subjects. Both parameters, especially CEV, were well correlated with smoking. In addition, as AA may be formed in cooking processes, it is very likely that the background exposure of the non-smoking general population to AA may be caused by dietary intake.
Timothy et al. 26) also examined the relationship between cigarette smoking and hemoglobin adduct and investigated whether null genotypes for glutathione transferase (GSTM1 and GSTT1) alter the internal dose of AN. The CEVal level increased with increased cigarette smoking dose. The GSTM1 and GSTT1 genotypes had little effect on CEVal concentrations.
Discussion
Estimation of exposure to chemical compounds by air monitoring is complicated if the exposure is variable and occurs intermittently. Moreover, air monitoring data refer to potential exposure rather than to the actual dose received by the exposed individuals. These problems can be avoided by monitoring biomarkers such as adducts of proteins or DNA 23) . One type of human material that may be useful for such measurements is blood, and the blood proteins albumin and hemoglobin have been used to determine adduct levels 34) . Hemoglobin adducts can be used as biomarkers of the internal exposure and strain of environmentally and occupationally exposed human individuals 17) . The adducts are stable 35) and their elimination depends on the life span of the erythrocyte (120 days in humans), therefore they represent the accumulated effect of the previous 3-4 months of exposure 36) . For dose monitoring, hemoglobin is preferred to DNA for several reasons: availability of large amounts, availability of methods for chemical identification, and the well-defined life span due to absence of repair. The proportionality of the rates of DNA and hemoglobin adduct formation has been reported 37) . Boogaard et al. 38) reported that the increment in Hb adducts in the blood correlated strongly with measured concentrations of EO and PO (8h-TWA). For BD, a strong correlation with personal air monitoring results (8h-TWA) was also found. It was also mentioned that the determination of adducts with the N-terminal valine of Hb is a highly useful method for exposure control and risk assessment. However, considering the relationship between hemoglobin adduct and acute exposure, it is unclear whether hemoglobin adducts are effective or not in risk assessment because the Hb adduct level was too low to be detected, as shown by Johanson's two hours' inhalation study 12) . In the study of Hagmar et al. 33) , a dose-response relationship was shown between hemoglobin adducts of acrylamide and peripheral nervous system symptoms. Therefore, hemoglobin adducts can be thought of as an index somewhere between an exposure index and an effect index. Kolman et al. 39) also summarized data published during the period 1990-2001 concerning both the genotoxic and carcinogenic effects of chemicals in humans. They discussed the use of DNA and hemoglobin adducts as biomarkers of exposure and the role of polymorphisms, as well as confounding factors. However, they concluded that uncertainties regarding cancer risk estimation still persisted.
From the point of view of occupational health, an effect index is more useful than an exposure index in risk assessment. Hemoglobin adducts are effective as an early-phase effect index, so it is thought that they could be useful when the guideline levels of chemicals are established.
Conclusion
We have reviewed studies of the levels of hemoglobin adducts of nine substances, mainly focusing on PRTR class I designated chemical substances. Among these substances, exposures to styrene, MDI, MDA, butadiene, ethylene oxide, acrylamide and acrylonitrile have been shown to increase the levels of hemoglobin adducts. Moreover, hemoglobin adducts of butadiene, ethylene oxide, acrylamide and acrylonitrile have advantages for the purpose of exposure assessment. The hemoglobin adduct of butadiene is a stronger biomarker of exposure than urinary metabolites, and for ethylene oxide, although the concentration of ethylene oxide in the blood of workers did not exceed the value of the German exposure equivalent, a significant difference in it was found between workers exposed to ethylene oxide and the control group for the parameter HOEtVal. Also hemoglobin adducts of acrylamide and acrylonitrile reflect individual exposures, except in smokers. In addition to the advantages mentioned above, hemoglobin adducts are superior to DNA adducts from the points of view of availability of large amounts, availability of methods for chemical identification, and their welldefined life span due to the absence of repair. Thus, hemoglobin adducts can be useful biomarkers for the estimation of chemical exposures.
